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Highlights 11 
• A novel stimulation technique, namely high-voltage electrohydraulic discharge (EHD) 12 
has been developed and validated for coal cracking. 13 
• Electrohydraulic discharge shows a great potential to create additional flow paths and 14 
permeability in coal. 15 
• Shockwaves generated by EHD increase the accessible porosity of the coal, 16 
predominantly in the meso- and micropore size range. 17 
• The banding in coal has a significant influence on breakage and fractures are more 18 
likely to occur in weak plies rather than in the soft dull coal. 19 
Abstract 20 
Fractures, cleats or cracks provide the main fluid pathways for methane extraction from 21 
Coalbed Methane (CBM) gas reservoirs. For deep coal seams, where the cleats are often 22 
closed by the high overburden pressure, or some shallower but tight coals, fracturing 23 
operations to form new pathways or clean out existing but blocked natural cracks are 24 
necessary, for CBM wells to produce commercially attractive gas rates. This is usually done 25 
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by injecting fluids under high pressure into the subsurface, an operation that is controversial 26 
because of its possible environmental impacts.  27 
This study focused on developing and validating a novel stimulation technique, namely high-28 
voltage electrohydraulic discharge (EHD), as an alternative method to effectively crack bulk 29 
materials without injecting any new fluids into the well. During the stimulation process, 30 
strong pressure shockwaves were generated by underwater electrical discharges, which then 31 
served to damage the associated solids, creating fractures and cracks. We used mortar (as a 32 
convenient, homogeneous, isotropic materials with consistent properties, and coal (which is 33 
naturally fractured and quite heterogeneous), as test materials. EHD significantly enhanced 34 
the permeability of mortar core (2.75 to 6.25 times) and coal core (3.6 to 10.8 times). X-ray 35 
CT scanning showed an obvious increase in fracture density, length and voids in the tested 36 
specimens, and mercury porosimetry confirmed that porosity increased at the micro (nm) and 37 
macro (µm) scales, in addition to the cracks which were both visible on the samples and at 38 
the in the X-ray images. 39 
The new cracks induced in the coal samples were directional in nature. The fractures tended 40 
to more easily occur parallel to the direction of bedding plane (i.e., opening in the weakest 41 
direction), or on the bright bands of the coal, which are brittle and fragile compared to the 42 
softer and more elastic dull bands. Based on these observations, we are encouraged that EHD 43 
has potential as a method for reservoir stimulation and gas development for tight source rocks 44 
such as coal or shales.   45 
Keywords 46 
Electrohydraulic discharge; pressure shockwaves; fractures; permeability; induced fracture 47 
direction 48 
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 49 
1. Introduction 50 
Coalbed methane (CBM), is becoming a commonly exploited gas resource in countries 51 
including the USA, Canada, China and Australia. CBM reservoirs often have low 52 
permeability and economic exploitation requires some forms of stimulation (Moore, 2012; 53 
Yan et al., 2016b; Zhang et al., 2016). A variety of stimulation techniques have been 54 
developed for CBM (Balucan et al., 2016; Gandossi, 2013; Kumar et al., 2011; Shi et al., 55 
2016; Yan et al., 2016b; Zhang et al., 2016), amongst which hydraulic fracturing is the most 56 
commonly used (Jeffrey, 2012). However, hydraulic fracturing has become controversial and 57 
subject to environment reservations (Omidi et al., 2016; Osborn et al., 2011; Vengosh et al., 58 
2014), most prominently concerns groundwater contamination from chemicals used in the 59 
stimulation fluid (Gandossi, 2013). From an operational perspective, hydraulic fracturing, 60 
tends to create only a few localized major artificial fractures around the perforated zones 61 
rather than distributed microcracks (Mao et al., 2012) and in many instances gas productivity 62 
while initially improved drops again over time (Chen et al., 2013; Chen et al., 2012).  63 
In this paper, we explore, on laboratory scale, a stimulation technique called high-voltage 64 
electrohydraulic discharge (EHD). This occurs when an underwater electrical discharge is 65 
released over a short duration, normally times in the order of nanoseconds to microseconds 66 
(Stygar et al., 2009). The induced plasma contains ions and radicals and radiative emissions 67 
and mechanical shockwaves (Zhu et al., 2014). The process finds application in a number of 68 
areas including material processing and extraction, medical treatment, food preservation, 69 
biological research and water purification (Andres, 1995; Fujita et al., 2001; Wielen et al., 70 
2013). Wielen (Wielen et al., 2013) applying the method for rock breakage and crack 71 
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formation, which relies on the shockwaves from the discharge fracturing the material, 72 
demonstrated that the test conditions and the intrinsic rock properties were the two main 73 
controlling aspects. For CBM stimulation the method would have the obvious advantage that 74 
nothing (except electrons) are injected into the subsurface, so the process, at least from a 75 
chemical contamination perspective, is benign. 76 
Chen et al. (Chen et al., 2012)  used of EHD to increase permeability in mortar and rocks, 77 
suggesting that there is a threshold of injected energy necessary to produce fractures and 78 
develop permeability.  Zhang et al. (Zhang et al., 2016) compared three discharging 79 
techniques, namely water gap, electrical fuse and electrical fuse combined with an energetic 80 
mixture, and showed that EHD could be used to fracture coal blocks. Shi et al. (Shi et al., 81 
2016) analysed the pore response of anthracite and bituminous coals exposed to repeated 82 
strong impulse waves and found samples of  different coal types and pore size distributions 83 
reacted differently.  The use of EHD to generate mechanical shockwaves for enhancing coal 84 
permeability, including operating settings (e.g., discharge voltage, electrode gap, and number 85 
and frequency of shockwaves) and coal properties (e.g. mechanical strength and 86 
directionality) remains unexplored. Furthermore, the published literature is mainly focused on 87 
the qualitative analysis of enhanced mortar/concreted properties by EHD, the systematic 88 
research of EHD stimulation in a quantitative way for mortar or coal is still deficient and rare.    89 
In this paper we first apply EDH shockwaves to well defined homogeneous blocks that can 90 
be repeatedly and consistently fabricated, namely 15 mm cubic samples made from concrete.  91 
Then testing is then applied to medium (10%) ash, thermal coal samples from the Dawson 92 
mine in Queensland, Australia. We are not very much concerned here with the precise coal 93 
characteristics and used this coal as reasonably representative of a medium ash (~10%), 94 
Permian age, thermal coal from the Bowen Basin and the coal properties may be found in 95 
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(Huleatt, 1991). The coal samples were cut to as the same dimension of 15 mm cube as the 96 
concrete. Finally we consider the effects of shockwave number, electrode gap, discharge 97 
voltage and their impact on permeability enhancement for both the concrete and coal cubes. 98 
The possible application of this method in the field is still only conjectural. In concept it 99 
would comprise two parts: (1) a shockwave generator on the surface with a wireline tool 100 
setting the discharge electrodes within the target seam within the CBM well, possibly with 101 
packers or deflectors to direct the shockwaves horizontally outwards; (2) shockwaves 102 
produced at the electrodes propagate into the coal seam either directly for open hole 103 
completions or through the perforations places to connect the seam to the well. The 104 
equipment itself seems relatively straightforward and ideally the electrodes and connecting 105 
wires would simply be left in place in the well, so that sunsequent treatments may be applied 106 
if desired. The power requirements (in the kJ range per discharge event, and with many such 107 
discharges in series) are quite modest and could be locally supplied by a small genset.  108 
2. Experiments and methodology 109 
2.1. Preparation of mortar and coal samples 110 
A batch of blocks were prepared from mortar powder (Bastion Premix Mortar 322) according 111 
to the manufacturer’s instructions by mixing 9.311 kg mortar powder with 1.655 kg tap water. 112 
To this mixture, we added 1.035 kg sand to reduce the mortar product’s compressive strength. 113 
The mortar was mixed and poured into ten 63.5 mm diameter cylindrical moulds (50 mm 114 
height) and six 50 mm cube moulds. The six cube moulds were used to check compressive 115 
strength of the mortar blocks at 7 days and 28 days. The mean compressive strength of three 116 
of the mortar cubes measured with an Instron 5584 compression testing instrument after 117 
curing at room temperature for 7 days was 10.9 ± 0.5 MPa. The compressive strength of the 118 
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other three mortar cubes after 28 days was 15.0 ± 0.2 MPa. After 28 days curing, the 119 
cylindrical mortar blocks were removed from the moulds and from these cylinders we cut 120 
15 mm cubes for the EHD experiments. 121 
Coal cubes, also with 15 mm side lengths, were cut with an ISOMET low speed saw from a 122 
large block of banded coal obtained from the Dawson open cut coal mine in Central 123 
Queensland. This coal is a Permian-aged coal from the Baralaba Coal Measures in the Bowen 124 
Basin. The bedding plane direction and bright bands were marked and recorded before 125 
cutting the coal sample. We report here three 15 mm cubes of this Dawson coal: #1 dull 126 
banded, #2 bright banded coal, and #4 dull banded. The bulk coal  has an average 127 
compressive strength of 11.2 ± 0.3 MPa,  128 
2.2. Characterisation methods 129 
Selected mortar and coal samples were characterised before and after EHD stimulation using 130 
scanning electron microscopy (Hitachi TM3030 SEM equipped with a Bruker energy 131 
dispersive x-ray spectrometer), helium pycnometry (Micromeritics AccuPyc II 1340), and 132 
mercury intrusion porosimetry (MIP, Micromeritics AutoPore IV9520). The total pore 133 
volume (Vp) and total accessible porosity (Ф) of the rock samples was calculated from the 134 
skeletal density ( Heρ ) measured with helium pycnometry and the bulk density ( Hgρ ) 135 
measured with the MIP by the following equations(Massarotto et al., 2010):  136 
1 1( )p
Hg He
V
ρ ρ
= −                        (1) 137 
1 1100 ( )Hg
Hg He
φ ρ
ρ ρ
= −               (2) 138 
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X-ray computed tomography (CT) images of void spaces and fractures in the mortar and coal 139 
samples were collected on a ZEISS Xradia 510 Versa 3D X-ray microscope (XRM). Samples 140 
were mounted on a 360° rotating platform to allow complete 3D image acquisition. The X-141 
ray accelerating voltage was set as 80 kV, the X-ray field of view (FOV) was 25.6 mm 142 
divided by the segmented slices of 502, and a 850 x 850 pixel X-ray detector was chosen for 143 
scanning image acquisition. The XRM-scan time required to collect a 3D image at 25 µm 144 
resolution of each 15 mm sample cube was approximately 2 hours, including the X-ray 145 
source pre-heating time.  146 
Image analysis and segmentation of XRM data was performed in Image J software (v.1.50e) 147 
to classify solid (mortar or coal/minerals) and unfilled apertures (voids, cracks). We defined 148 
the total void or fracture porosity fP as the ratio between unfilled apertures and the total pixel 149 
number for each image slice using Eq. (3). In Eq. (3), the ƩPXGUrang is the total number of 150 
pixels within the greyscale scope from 0 to an upper limit, the upper limit is decided 151 
according to detailed analyses of the greyscale magnitudes of optically discernible structure, 152 
which represents the void threshold in a slice, and ƩPX0-255 is the total pixel number of the 153 
whole slice. More details on the image analysis procedures is reported in Balucan et al. 154 
(2016). 155 
0 255
GUrang
f
PX
P
PX
−
=
∑
∑
                               (3) 156 
2.3. Measurement of permeability in Hassler-type core flooding apparatus 157 
The permeability of the mortar and coal samples before and after EHD stimulation was 158 
measured by a steady-state technique with N2 gas in a Hassler-type biaxial core flooding 159 
apparatus (Core Labs, USA) as shown in Fig. 1. A confining pressure of 20 bar, was applied 160 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
8 
 
in all experiments using an ISCO 260D syringe pump for 72 h to allow the confining stress to 161 
accommodate and distribute uniformly throughout the whole sample. The core’s inlet 162 
pressure (P1) and outlet pressure (P2) were measured with GEM 3200 pressure transducers 163 
with 0.01 bar resolution. The inlet pressure was maintained at less than 10 bar using a 164 
pressure regulator in the gas supply line. The outlet pressure was controlled with an 165 
Equilibrium back pressure regulator. The flow rate of the gas was measured with a 166 
MKS GE50A mass flow meter (resolution of 0.1 ml/min). Real time instrument control and 167 
data acquisition was implemented in a LabView program.  168 
These permeability test conditions were chosen for convenience, not to represent actual 169 
subsurface coal seam conditions. Here we seek only to make comparison of the before- and 170 
after-treatment permeabilities under rather constrained and idealised laboratory test 171 
conditions and are not concerned with absolute or realistic compressed subsurface 172 
permeabilties. The conditions used provided flow rates (and hence permeabilities) in a range 173 
that were easy to measure and with high enough pore pressures to eliminate Klinkenberg 174 
issues.  175 
The absolute permeability (k) of each block was calculated assuming Darcy’s law conditions 176 
for gas in a linear system using Eq. (4): 177 
2 2
1 2
2
( )
o oQ P Lk
A P P
µ
=
−
                   (4) 178 
where Qo is the volumetric flowrate (m3/s), Po is atmospheric pressure (Pa), µ  is the gas 179 
viscosity (Pa·s), A is the cross-sectional area of the cube (m2), and L is the sample length (m).  180 
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 181 
Fig. 1. Experimental apparatus of core flooding rig system for permeability measurement. (A) N2 Cylinder, (B) 182 
core sample holder, (C) flowmeter, (D) confining pressure pump, (E) control and data acquisition, (F), (G) and 183 
(H) pressure transducers 184 
 185 
2.4. High voltage discharge apparatus and procedures  186 
The EHD stimulation experiments on mortar and coal were conducted in a SELFRAG Lab 187 
(SELFRAG AG, Switzerland) high voltage pulse generator (Fig. 2). The pulse generator 188 
consists of a high voltage power supply, transformer, Marx Generator, discharge pin-plate 189 
electrodes, and the processing vessel. Further details of this pulse generator are described by 190 
Wang (2012) and on the SELFRAG AG website (http://www.selfrag.com/products.php). The 191 
processing vessel was filled with de-ionized water and operated at essentially atmospheric 192 
conditions, neglecting the trivial water hydraulic head. In this study, we varied the pulse 193 
generator’s discharge voltage from 170 – 190 kV, the electrode gap from 15 – 40 mm, and 194 
the number of shocks applied to each sample. The pulse frequency was 1 Hz in all 195 
experiments as the sample was taken out for damage check after each shock. During the EHD 196 
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operation process large elastic shockwaves were formed as a result of water breakdown and 197 
propagated around the spark gap (Maurel et al., 2010). In each experiment, only one cube 198 
sample was placed in SELFRAG LAB against the vessel wall opposite and 2.5 cm away from 199 
the centre of the ground electrode.  200 
 201 
Fig. 2. Schematic of SelFrag Lab and processing vessel for EHD stimulation  202 
(Adapted from Wielen et al., 2013) 203 
 204 
Table 1 lists the conditions used in each of the 20 mortar and 3 coal EHD stimulation 205 
experiments in three stages of experiments. Stage 1 EHD experiments with 15 mortar cubes 206 
(M21 to M28, M31 to M37) explored the effects of electrode gap and discharge voltage on 207 
breakage of the mortar cubes by observing the number of shocks required to fracture the cube. 208 
After the first EHD shock the sample was withdrawn from the SELFRAG LAB and visually 209 
inspected. If we could not see any cracks or obvious disaggregation of the cube, we replaced 210 
the sample in the SELFRAG LAB vessel and subjected it to another EHD shock. We 211 
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repeated the shock-inspect cycle until the cube cracked to record the threshold number of 212 
shocks at that pulsation condition. In Stage 2 experiments, we measured the permeability of 213 
mortar cubes M51 – M55 before and after a set number of EHD shocks at a discharge voltage 214 
of 170 kV with electrode gaps of 20 mm or 15 mm. In Stage 3, we measured the permeability 215 
of the three coal cubes before and after a set number of EHD shocks at 170 kV with an 216 
electrode gap of 15 mm. To prevent disintegration of the coal cubes during the EHD 217 
stimulation process we wrapped four of cube faces with aluminium foil to hold the coal 218 
together, leaving two opposite surfaces open. Permeability was measured with gas flow 219 
through the open cube faces.  220 
Table 1 Testing sample information and testing conditions 221 
 
Sample ID 
Testing conditions 
 Discharge 
voltage (kV) 
Electrode 
gap (mm) 
No. 
shocks 
Stage 1 – breakage of mortar M21 170 30 6 
M22 180 30 6 
M23 190 30 6 
M24 170 25 1 
M25 180 25 4 
M26 190 25 4 
M27 170 20 3 
M28 180 20 7 
M31 190 20 5 
M31 170 15 10 
M33 180 15 10 
M34 190 15 10 
M35 170 40 2 
M36 180 40 2 
M37 190 40 3 
Stage 2 – breakage of mortar & 
permeability measurement 
M51 170 20 1 
M52 170 20 1 
M53 170 15 1 
M54 170 15 3 
M55 170 15 4 
Stage 3 – breakage of Dawson coal 
& permeability measurement 
#1 170 15 3 
#2 170 15 5 
#4 170 15 7 
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 222 
3. Results and discussion 223 
3.1. Exploration of effect of discharge conditions on mortar breakage 224 
The aim of the initial set of EHD experiments with mortar cubes (Stage 1) was to explore the 225 
effects of electrode gap and discharge voltage on the breakage/damage of the mortar so that 226 
we could establish the threshold number of shocks that break the cube and design EHD 227 
treatments to fracture but not destroy the cube (Stage 2). Fig. 3 shows the breakage of the 15 228 
mortar cubes after the Stage 1 EHD shock treatments. We assessed the breakage and degree 229 
of damage of mortar cubes after each EHD shock qualitatively by visual inspection. The 230 
criteria used to evaluate a mortar cube as broken after each shock was to check for sufficient 231 
breakage, disaggregation or rupture that changed the cube shape in such a way that would 232 
prevent use of that cube in the core-flooding apparatus. The number of shocks required to 233 
damage the cube to this extent at each Stage 1 EHD condition are listed in Table 1 and in Fig. 234 
3. 235 
The minimum number of shocks required to create sufficient mortar damage that could be 236 
seen by naked eye was one shock in experiment M24 at a discharge voltage of 170 kV and 237 
electrode gap of 25 mm. The highest number of shocks required to break a mortar cube was 238 
ten shocks in the EHD experiments with a discharge gap of 15 mm (M32, M33, and M34). 239 
The Stage 1 results suggest that electrode gap distance is a critical parameter that affects rock 240 
breakage. However, there are some inconsistencies in the trend of number of shocks versus 241 
electrode gap in our measurements – for example, the number of shocks required at 25 mm 242 
and 40 mm was lower than 20 mm or 30 mm gaps – and breakage assessment method is a 243 
qualitative method subject to a reasonable uncertainty. 244 
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The EHD stimulation results in Fig. 3 show that for a given electrode gap the discharge 245 
voltages in the range of 170 kV to 190 kV did not have a significant effect on the degree of 246 
breakage of mortar cubes. This result suggests that the electrical energy required to 247 
breakdown the water and generate a shockwave of sufficient energy to break mortar cubes in 248 
this experiment is achieved at a discharge voltage of 170 kV or lower. Then at higher 249 
discharge voltages in the range of 170 kV to 190 kV, the additional electrical energy input 250 
does not appear to have been used effectively to break the mortar. This result is consistent 251 
with a previous report by Yan et al. (2016a) on the effects of breakdown voltage on coal 252 
fragmentation subjected to high-voltage pulse discharges in air. 253 
These initial EHD experiments were not intended to optimise EHD stimulation methods or 254 
develop numerical models to predict EHD fracturing of rocks, but simply to provide a 255 
qualitative guide to design the EHD treatments used to enhance mortar and coal permeability 256 
in Stages 1 and 2. 257 
 258 
Fig. 3. Mortar sample breakup by EHD stimulation under different set-gaps, set-voltages and number of shocks 259 
M21-M28, M31-M37 260 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
14 
 
3.2. Enhancement of permeability in mortar cubes after EHD treatment 261 
Fig. 4 shows the five mortar cubes M51 – M55 that were subjected to one, three or four EHD 262 
shocks at a 170 kV discharge voltage and electrode gaps of 15 mm or 20 mm in a second 263 
series of experiments. We could not measure the permeability of M52 after a single EHD 264 
shock as this cube disintegrated. A corner of M51 broke off, after a single EHD shock with 265 
an electrode gap of 20 mm, but this cube could still be loaded in the core-holder for 266 
permeability measurement.  267 
 268 
Fig. 4. Photographs of M51-M55 after EHD 269 
Table 2 shows the initial permeability (using N2 gas as the fluid) of the five mortar cubes, 270 
measured at a confining pressure of 20 bar ranged from 62.2 ±  13.1 mD to 115.6 ±  34.7 mD. 271 
Some other studies on concrete and mortar (Abobaker, 2015; Mathew et al., 2017) have 272 
reported wide ranges of permeability, and the permeability is reported to vary with: (i) water 273 
and concrete ratio; (ii) curing duration; (iii) the use of additives like sand or admixtures; (iv) 274 
aggregate size; and (v) other factors like loss of mixing water. However, in our study mortar 275 
cubes M51-M55 were cut from the same batch mix of mortar and cured for the same duration. 276 
The error bands represent measurement uncertainties, due to the resolutions of flow meters 277 
and pressure transducers; wide variation in permeability may consequently be attributed to 278 
natural variability between samples.  279 
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Table 2 shows that the permeability of M51, M53, M54 and M55 all increased after the EHD 280 
shock treatments. Given the variations in initial permeability among the five mortar cubes, 281 
we choose to compare the enhancement of permeability using a normalised change in 282 
permeability, Eq. (5):  283 
                                                            
EHD
c
I
kk
k
=                        (5) 284 
where ck  represents the ratio of permeability after EHD shocks ( EHDk ) and the initial 285 
permeability ( Ik ).  286 
The initial permeability (kI) was normalized based on the initial permeability, while the 287 
permeabilities of the mortar cubes after EHD shocks were 2.8 to 6.3, five times greater than 288 
the initial permeabilities (Fig. 5). In general, the degree of mortar permeability improvement 289 
increased almost linearly with the number of shocks (Chen et al., 2012; Chen et al., 2011), 290 
other conditions held the same.  291 
Table 2 Absolute permeability of mortar before and after EHD 292 
                            Absolute permeability  before and after EHD 
Sample kI (mD) kEHD (mD) 
M51 83.0 ± 18.3 227.9 ± 54.7 
M52  115.6 ± 34.7 Null 
M53  93.5 ± 24.3 350.6 ± 80.6 
M54  101.8 ± 28.6 440.7 ± 92.5 
M55  62.2 ± 13.1 388.1 ± 77.6 
   293 
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 294 
Fig. 5. Mortar permeability changes before and after EHD 295 
The visualisations of the XRM measurements shown in Fig. 6. provide further insights into 296 
the effect of EHD shocks on pore and fracture development in mortar cube M55. We present 297 
sample M55 here as an example of the x-ray CT characterisation because after four EHD 298 
shocks this sample had a greater change in normalised permeability than the other four mortar 299 
cubes subjected to one or three EHD shocks. Fig. 6. (a) and (b) show 3D maps of voids in the 300 
15 mm cube M55 before and after shock treatment with voids, including fractures, identified 301 
from solid mortar using the threshold levels for graysclae unit shown in Table 3 and 302 
described in section 2.2. The original M55 cube contained small voids (widths < 50 µm) 303 
formed from air bubbles trapped during the mortar preparation and we discount these small, 304 
isolated pores from the calculation of total porosity in the original and treated M55 sample 305 
using a pixel threshold limit. The total porosity determined from x-ray CT analysis in the 306 
original M55 cube was 5.7 %, and after four EHD shocks the porosity increased to 6.8 %.  307 
The regions of new voids created after EHD treatment are highlighted in Fig. 6 (b) with red-308 
dashed lines and Fig. 6 (c) presents the average areal-void distribution of slices in M55 along 309 
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the sample length before and after four EHD shocks. This distribution of voids in  Fig. 6 (c) 310 
shows that the greatest increases in porosity after EHD treatment were at the uncovered 311 
leading face of the cube (4.8 % to 8.5 %) and uncovered face furthest from the discharge 312 
source (7.2 % to 11.0 %). The other four cube faces coated in  aluminium foil did not appear 313 
to have significant new pores generated by EHD shocks. The foil is quite soft and easily 314 
deformed, so we do not believe that it provides any substantial additiona strength to te sample. 315 
is the damage profile arises because shock forces are exerted on the exterior, unexposed 316 
surfaces of the cube perpendicular to the discharge source then extends towards the sample 317 
interior with decreasing force. Furthermore, Fig. 6 (b) indicates that pre-existing crack or 318 
fractures in the sample that open at an unexposed face may propagate under mechanical 319 
loading or shocks at tips or edge of fractures (Dyskin et al., 1991). Our preliminary studies 320 
with EHD shocks of mortar cubes indicate that four shocks at 170 kV was sufficient to 321 
generate new voids at the exposed cube edges and to induce propagation of some fractures 322 
into the cube, but a large number of EHD shocks may be required to propagate cracks deeper 323 
into the cube. The distribution curve in Fig. 6 (c) also suggests that there was some 324 
detachment, migration and redistribution of fine mortar particles after EHD shocks. For 325 
example, at a length of L=4.3 mm from the leading face the average porosity of the slice after 326 
EHD decreased from approximately 5.1 % to 3.6 %.  327 
Table 3 Image segmentations threshold in mortar cube M55 by greyscale unit 328 
Mortar component 
Greyscale unit (range 0-255) 
Pre-EHD Post-EHD 
Lower limit Upper limit Lower limit Upper limit 
Fractures or voids 0 43 0 47 
Mortar  44 255 48 255 
 329 
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              330 
                   (a)                                                   (b)                                               (c) 331 
Fig. 6. (a) Initial condition and (b) after four EHD shocks at 170 kV with 15 mm electrode gap (c) M55 void 332 
fraction VS cube length pre- and post- EHD (L=0 represents the side facing towards the force source) 333 
3.3. Enhancement of permeability in coal after EHD treatment 334 
3.3.1. Permeability enhancement of Dawson banded coal  335 
Table 4 presents absolute permeabilities measured in coal samples #1, #2 and #4 before and 336 
after EHD shocks. Before EHD simulation coal cubes #2 and #4 were free of large fractures 337 
(confirmed by CT scans with no voids > 50 µm) but coal cube #1 featured large visible 338 
fractures that intersected the exposed faces of the cube, and these fracture network 339 
differences explain why the permeability of coal cube #1 (kI,#1 = 27.7 ± 5.5 mD) was much 340 
greater than permeability of #2 and #4. The improvement in permeability of each coal cube 341 
expressed as a ratio relative to the initial permeability is shown in Fig. 7 are kc=3.6 after three 342 
shocks of coal #1, kc=5.0 after five shocks of coal #2, and kc=10.8 after seven shocks of coal 343 
#4. This supports the view that the EHD stimulation leads to the development of fractures and 344 
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pores in the coal samples, consistent with previous reports by Yan et al. (2016b), and that 345 
increasing the number of shocks leads to a larger relative enhancement of permeability.  346 
While we find no publications of EHD stimulation for comparison to our results, permeability 347 
improvements of around an order of magnitude are common for conventional (hydraulic or 348 
chemical) stimulations ((Balucan et al., 2016; Li et al., 2016; Turner and Steel, 2016)).  In 349 
this context, the permeability increase of 3.6 to 10.8 times than the initial permeability 350 
achieved by EHD stimulation show some promises. In this study, we will now focus on 351 
characterisation of the fracture and pore development induced by EHD shocks, and this work 352 
may help inform future investigations into how EHD stimulation could be applied in a 353 
reservoir. 354 
Table 4 Absolute permeability of Dawson coal before and after EHD  355 
 356 
 357 
 358 
 359 
Absolute permeability before and after EHD 
Sample kI 
(mD) 
          
kEHD(mD) 
Dawson coal # 1 27.7 ±  5.5 100.8 ±  26.2 
Dawson coal # 2 0.2 ±  0.1 1.0 ±  0.2 
Dawson coal # 4 0.4 ±  0.1 3.9 ±  1.2 
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 360 
Fig. 7. Relative/normalised change in permeability of Dawson coals #1, #2 and #4 after 3, 5 and 7 EHD shocks 361 
at 170 kV with an electrode gap of 15mm 362 
3.3.2. Fracture propagation tendency and fracture patterns 363 
The fracture evolution and morphology on the coal cube the surfaces facing towards (face A) 364 
and away (face B) from the EHD source were examined using images scanned on a Konica 365 
Minolta Bizhub multifunction printer,  Fig. 8 (a-d). For clarity surfaces A and B are 366 
perpendicular to the bedding plane.   367 
Coal #1 and Coal #4 scanned surface images in Fig. 8 show that a single main fracture 368 
appears on both the A and B surfaces. The main fractures (red in Figure) formed on both 369 
visible surfaces tended to be consistent and parallel to the coal bedding plane direction, whilst 370 
some lateral cracks (yellow in Figure) developed approximately vertically. This is consistent 371 
with the direction parallel to the bedding plane being the weakest plane, which is more easily 372 
broken compared to other directions (Sun et al., 2016). Additionally, the other fractures are 373 
generally oriented in the cleat directions of the coal, ie in the face and butt cleat directions, 374 
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which might be expected since the cleats are also weak points likely to be opened when the 375 
shockwave pressure exceeds the minimum horizontal stress and tensile strength (Dyskin et al., 376 
1991; Geng et al., 2014).   377 
                                                             378 
(a)                                                      (b)                                 379 
                                    380 
                                     (c)                                                               (d) 381 
Fig. 8. Coal #1 and coal #4 after EHD (a), (c) surface (A) facing towards the EHD source; 382 
(b), (d) surface (B) facing away from the EHD source (red: horizontal fracture, yellow: lateral fracture) 383 
In addition to the large visible cracks apparent on the scanned face images, SEM reveals that 384 
many micrometre-scale fractures are also formed (Fig. 9). After EHD, fracture clusters are 385 
apparent in Fig 9a. These are more or less orthogonal, suggesting that they are influenced by 386 
the same factors that determine cleating. The zoomed image, Fig. 9 (b), illustrates the 387 
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approximate width of the induced fractures was around 50 µm and that they seem generally 388 
well connected without blockages or discontinuities, which would support high permeability 389 
improvements.  390 
 391 
(a)                                                                 (b) 392 
 Fig. 9. SEM images of Coal #4 new formed fracture (a) fracture cluster and (b) Intersecting fractures 393 
3.3.3. Breakage formation sequence on Dawson banded coal 394 
The behaviour of the banding within the coal sample is also of interest. Fig. 10 shows how 395 
coal #2 was damaged after 5 shocks of EHD stimulation.  Fig. 10 (a) provides a 3D CT image 396 
processed by Image J software; the area circled in red is a 0.4mm wide bright band in the coal. 397 
Fig. 10 (b) shows an image of the same surface after EHD. Clearly the bright band, which is 398 
brittle, is significantly affected while the surrounding more ductile dull coal is hardly 399 
disturbed. The shockwaves damage the more fragile structures first (Weng, 2015).  400 
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 401 
(a)                                                                                           (b) 402 
Fig. 10. (a) Coal # 2 CT image with bright band before EHD; (b) surface (A) facing towards the EHD source 403 
after EHD 404 
3.3.4. Pore size distribution and accessible porosity enhancement  405 
Another way to examine the stimulation impact is through pore size distribution pre- and 406 
post-EHD, measured by mercury intrusion porosimetery, Figure 11. Notably, there is a big 407 
increase in the meso- and macropore size range pore size, (2-50 nm and >50 nm respectively). 408 
The accessible porosity, obtained from Eq. (1) and Eq. (2), is shown in Table 5 to increase  409 
from 8.12% to 14.71 %. These new micro-fractures or pores generated by EDH suggest that 410 
the method will be very useful for CBM stimulation.  411 
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 412 
Fig. 11. Coal #1 pore size radius versus incremental intrusion pre- and post-EHD 413 
 414 
Table 5  Helium Pycnometry and Mercury Porosimetry for coal pre- and post- EHD 415 
 416 
4. Conclusions 417 
Electrohydraulic discharge is shown under laboratory conditions to successfully stimulate 418 
permeability in mortar samples and also in coal. The mortar samples provided a model 419 
system with consistent properties, as a guide to further testing on coal. The tests were 420 
conducted in a water bath under ambient conditions, which are not necessarily representative 421 
of the stressed and confined conditions underground, but clearly show that the shockwave 422 
associated with an underwater plasma discharge will create additional flow paths and 423 
permeability. 424 
 He density 
（g/cm3） 
Hg density 
(g/cm3) 
Pore volume 
(Vp) (cm3/g) 
Total accessible 
porosity (φ)(%) 
     coal pre- EHD   1.4182 1.3031 0.06 8.12 
coal post- EHD 1.4967 1.2764 0.11 14.71 
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Amongst the variables that are easily set, the electrode gap and number of consecutive 425 
discharges seem to be the most important in terms of sample damage. Discharge voltage, 426 
provided it is high enough to break down water, seems relatively less significant.  427 
Permeability improvements from 2.8 to 6.3 times were observed on the mortar samples and 428 
from 3.6 to 10.8 on the coal samples.  For coal, the fractures induced by EHD tended to 429 
extend along the bedding plane direction with only minor lateral cracking. The banding in the 430 
coal had a significant influence on the breakage. We surmises that fractures are more likely to 431 
occur in the brittle and weak bright plies, rather than in the soft dull coal bands.  432 
For coal an interesting observation was that the treatment increased the accessible porosity 433 
from 8.12% to 14.71%, predominantly in the meso- and micropore size range. In CBM 434 
applications, this might provide significant improvement in the gas release rates, since both 435 
the very small diffusion controlled pore scale and larger pressure driven cleat scale 436 
permeability are substantially improved.  437 
Our next step is to test EDH for samples under confined and stressed conditions, mimicking 438 
the subsurface state of CBM target coal, in a modified Hassler-style core flood apparatus.   439 
Acknowledgements 440 
This research is supported by an Australia Research Council (ARC) Discovery Project grant 441 
(DP150103467), with additional funding provided from a UQI scholarship and top-up 442 
scholarship from Centre of Coal Seam Gas at the University of Queensland (UQ). The 443 
authors would like to acknowledge the assistance and support with the SELFRAG Lab 444 
experiments from staff in the UQ Julius Kruttschnitt Mineral Research Centre at UQ.   445 
 446 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
26 
 
References 447 
Abobaker, G.M., 2015. Permeability of concrete. Kurdistan Engineers Union. 448 
Andres, U., 1995. Electrical Disintegration of Rock. Mineral Processing and Extractive Metallurgy 449 
Review, 14(2): 87-110. 450 
Balucan, R.D., Turner, L.G. and Steel, K.M., 2016. Acid-induced mineral alteration and its influence on 451 
the permeability and compressibility of coal. Journal of Natural Gas Science and Engineering, 452 
33: 973-987. 453 
Chen, W., Maurel, O., Borderie, L.C., Reess, T., Deferron, A., Matallah, M., Cabot, P., Jacques, G. and 454 
Bethbeder, F.R., 2013. Experimental and numerical study of shock wave propagation in 455 
water generated by pulsed arc electrohydraulic discharges. Heat and Mass Transfer, 50(5): 456 
673-684. 457 
Chen, W., Maurel, O., Reess, T., Deferron, A.S., Borderie, C.L., Cabot, G.P., Bethbeder, F.R. and 458 
Jacques, A., 2012. Experimental study on an alternative oil stimulation technique for tight 459 
gas reservoirs based on dynamic shock waves generated by Pulsed Arc Electrohydraulic 460 
Discharges. Journal of Petroleum Science and Engineering, 88-89: 67-74. 461 
Chen, W., Maurel, O., Reess, T., Matallah, M., de Ferron, A., La Borderie, C. and Pijaudier-Cabot, G., 462 
2011. Modelling anisotropic damage and permeability of mortar under dynamic loads. 463 
European Journal of Environmental and Civil engineering, 15(5): 727-742. 464 
Dyskin, A.V., Germanovich, L.N. and Salganik, R.L., 1991. A mechanism of deformation and fracture 465 
of brittle rocks. Rock Mechanics as a Multidisciplinary Science, ISBN906191 194X: 181-190. 466 
Fujita, T., Yoshimi, I., Shibayama, A., Miyazaki, T., Abe, K., Sato, M., Yen, W.T. and Svoboda, J., 2001. 467 
Crushing and liberation of materials by electrical disintegration. The European Journal of 468 
Mineral Processing and Environmental Protection, 1(2): 113-122. 469 
Gandossi, L., 2013. An overview of hydraulic fracturing and other stimulation technologies. JRC 470 
Technical Reports. 471 
Geng, M., Xianbo, S., Haixiao, L., Hongyu, G., Yunqi, T. and Xiao, L., 2014. Theory and technique of 472 
permeability enhancement and coal mine gas extraction by fracture network stimulation of 473 
surrounding beds and coal beds. Natural Gas Industry B, 1(2): 197-204. 474 
Huleatt, M.B., 1991. Handbook of Australian black coals: geology, resources, seam properties, and 475 
product specification. Australian government publishing service, Canberra: 1-123. 476 
Jeffrey, R., 2012. Hydraulic fracturing for coal seam gas (CSG) stimulation in NSW. CSIRO, Australia, 477 
Report EP122949: 15. 478 
Kumar, H., Lester, E., Kingman, S., Bourne, R., Avila, C., Jones, A., Robinson, J., Halleck, P.M. and 479 
Mathews, J.P., 2011. Inducing fractures and increasing cleat apertures in a bituminous coal 480 
under isotropic stress via application of microwave energy. International Journal of Coal 481 
Geology, 88(1): 75-82. 482 
Li, D., Huang, C.W., Chen, J.F. and Zhou, D.P., 2016. Optimization and experimental study of 483 
unconventional hydraulic fracturing method in low permeability and high gas coal seam. 484 
International Conference on Energy Development and Environmental Protection, ISBN: 978-485 
60595-360-1. 486 
Mao, R., Pater, H.d., Leon, J.F., Fram, J., Storslett, S. and Russ Ewy, J.S., 2012. Experiments on Pulse 487 
Power Fracturing. Society of Petroleum Engineers, SPE 153805. 488 
Massarotto, P., Golding, S.D., Bae, J.S., Iyer, R. and Rudolph, V., 2010. Changes in reservoir properties 489 
from injection of supercritical CO2 into coal seams — A laboratory study. International 490 
Journal of Coal Geology, 82(3-4): 269-279. 491 
Mathew, A., Prakash, V.M. and M, G.D., 2017. Study on various properties on previous concrete and 492 
its behaviour on pile model. International Journal of Research in Advent Technology, 5(3): 5-493 
10. 494 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
27 
 
Maurel, O., Reess, T., Matallah, M., Deferron, A., Chen, W., Borderie, C.L., Cabot, G.P., Jacques, A. 495 
and Bethbeder, F.R., 2010. Electrohydraulic shock wave generation as a means to increase 496 
intrinsic permeability of mortar. Cement and Concrete Research, 40(12): 1631-1638. 497 
Moore, T.A., 2012. Coalbed methane: A review. International Journal of Coal Geology, 101: 36-81. 498 
Omidi, O., Abedi, R. and Enayatpour, S., 2016. Well stimulatino in tight formations a dynamic 499 
approach. 500 
Osborn, S.G., Vengosh, A., Warner, N.R. and Jackson, R.B., 2011. Methane contamination of drinking 501 
water accompanying gas-well drilling and hydraulic fracturing. Proc Natl Acad Sci U S A, 502 
108(20): 8172-6. 503 
Shi, Q.M., Qin, Y., Li, H.L., Qiu, A., Zhang, Y., Zhou, X. and Zheng, S., 2016. Response of pores in coal 504 
to repeated strong impulse waves. Journal of Natural Gas Science and Engineering, 34: 298-505 
304. 506 
Stygar, W.A., Savage, M.E., Wagoner, T.C., Bennett, L.F., Corley, J.P., Donovan, G.L., Fehl, D.L., Ives, 507 
H.C., LeChien, K.R., Leifeste, G.T., Long, F.W., McKee, R.G., Mills, J.A., Moore, J.K., Ramirez, 508 
J.J., Stoltzfus, B.S., Struve, K.W. and Woodworth, J.R., 2009. Dielectric-breakdown tests of 509 
water at 6 MV. Physical Review Special Topics - Accelerators and Beams, 12(1). 510 
Sun, K., Zhang, S. and Xin, L., 2016. Impacts of bedding directions of shale gas reservoirs on 511 
hydraulically induced crack propagation. Natural Gas Industry B, 3(2): 139-145. 512 
Turner, L.G. and Steel, K.M., 2016. A study into the effect of cleat demineralisation by hydrochloric 513 
acid on the permeability of coal. Journal of Natural Gas Science and Engineering, 36: 931-514 
942. 515 
Vengosh, A., Jackson, R.B., Warner, N., Darrah, T.H. and Kondash, A., 2014. A critical review of the 516 
risks to water resources from unconventional shale gas development and hydraulic 517 
fracturing in the United States. Environ Sci Technol, 48(15): 8334-48. 518 
Wang, H.L., 2012. Use of High Voltage Pulse Technology to Investigate the Mechanism of Mineral 519 
Breakage and Selective Liberation. PhD Thesis for the University of Queensland. 520 
Weng, X., 2015. Modeling of complex hydraulic fractures in naturally fractured formation. Journal of 521 
Unconventional Oil and Gas Resources, 9: 114-135. 522 
Wielen, K.P., Pascoe, R., Weh, A., Wall, F. and Rollinson, G., 2013. The influence of equipment 523 
settings and rock properties on high voltage breakage. Minerals Engineering, 46-47: 100-524 
111. 525 
Yan, D., Bian, D., Zhao, J. and Niu, S., 2016a. Study of the Electrical Characteristics, Shock-Wave 526 
Pressure Characteristics, and Attenuation Law Based on Pulse Discharge in Water. Shock and 527 
Vibration, 2016: 1-11. 528 
Yan, F., Lin, B., Zhu, C., Zhou, Y., Liu, X., Guo, C. and Zou, Q., 2016b. Experimental investigation on 529 
anthracite coal fragmentation by high-voltage electrical pulses in the air condition: Effect of 530 
breakdown voltage. Fuel, 183: 583-592. 531 
Zhang, Y., Qiu, A.C., Zhou, H.B. and Liu, Q.Y., 2016. Research Progress in Electrical Explosion 532 
Shockwave Technology for Developing Fossil Energy. High Voltage Engineering. 533 
Zhu, L., He, Z.H., Gao, Z.W., Tan, F.L., Yue, X.G. and Chang, J.S., 2014. Research on the influence of 534 
conductivity to pulsed arc electrohydraulic discharge in water. Journal of Electrostatics, 535 
72(1): 53-58. 536 
 537 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Highlights 
• A novel stimulation technique, namely high-voltage electrohydraulic discharge (EHD) 
has been developed and validated for coal cracking. 
• Electrohydraulic discharge shows a great potential to create additional flow paths and 
permeability in coal. 
• Shockwaves generated by EHD increase the accessible porosity of the coal, 
predominantly in the meso- and micropore size range. 
• The banding in coal has a significant influence on breakage and fractures are more 
likely to occur in weak plies rather than in the soft dull coal. 
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Reviewers' comments: 
 
Reviewer #2: This paper propose a new fracturing technique for coal seam gas reservoirs 
using electric shock waves, which is interesting and believe to be quite important to the CSG 
field.  I have some doubts to be clarified, the paper has been well written though.  
 
1)     Introduction in Page 4 
 
Can you please discuss little bit about the reliability of this method under the field condition? 
Field coal seams are few meter to kilo meters long and how can you apply such electric 
waves under the field condition? What are limitations (including cost)? You can either 
discuss it here or at the end of the manuscript under a new topic related to field application of 
the findings 
Answer: Thanks for the suggestion. I have added some information you mentioned into the 
introduction section. Basically, this paper focuses more on the impacts of electrical shock stimulation 
on homogenous mortars and heterogeneous coals in the lab scale, particularly their structure and 
permeability changes influenced by shock strikes. Our study points here are focus on rock breakage 
morphology and breaking character. As to the future application in practice, it is still at conjectural 
stage but we have included some commentary for the guidance of the readers to our concept. 
 
2)     Section 2.1 in page 4  
 
What is the compressive strength of the used coal samples?  
Answer: Thanks for the reminder. Already added the compressive strength of coal. Actually 
we have measured two Dawson coal cubes (dimension of 15 mm), the average compressive 
strength is 11.5 ± 0.3 MPa. 
3)     Section 2.3 in page 6  
 
The considered 20 bar confinement represents only about 80 m depth coal seam gas reservoir. 
In general deeper coal seams have the significant of gas due their high maturity and you are 
dealing with a very shallow seam. Can you please justify the applicability of this propose 
method for coal seam gas recovery under this condition? 
Answer: In actuality, we could adjust the confining stress ranging from 1 to 100 bar. Here we 
set the confining pressure as 20 bar to measure the permeability. The absolute coal 
permeability value was not that important, since we are normalising the before- and after-
treatment perms. Since the core samples were from highwall mined coal (not core), they are 
from quite shallow seams and we did not wish to overstress them way beyond what forces 
they had recently encountered in their natural setting.  
 
4)     Section 2.7 in page 7  
 
In the field coal is under confinement and the conducted fracturing has been done under an 
unconfined environment? How could be the results changed under a confinement 
environment? Meed classification 
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Answer: Thanks for the good question. Of course, the real coal is under confinement in the field. 
Due to the limitations of the device, this paper mainly discussed about the impact of fracturing 
process on coals without confining pressure. The results showed the great potential of shockwave to 
create additional flow paths and permeability in coal and mortar. Based on this, our next step is to 
test electrohydraulic discharge for samples under confined and stressed conditions, mimicking the 
subsurface state of CBM target coal, in a modified Hassler-style core flood apparatus. The findings 
are discussed in a follow-up journal paper. 
 
5)     Fig.3 in page 9 
 
 
Please present in more a clearer way (avoid had writing) 
Answer: Thanks. Already re-present the figure in the manuscript 
 
 
6)     Section 3.2 in page 11  
 
Here, why you wanted to use mortar to study about the fracability of coal, need to justify 
your methodology (I believe this is for more consistent medium to be used as reference 
medium, but need to be properly given) 
Answer: Thanks for the question. Yes, the purpose for us to use mortar in the beginning was 
because the homogenous mortar samples provided a model system with consistent properties, 
as a guide or reference to the following testing on coal. In addition, the mortar tests also 
helped to better understand the effects of electrode gap, discharge voltage and number of 
shocks on rock breakage and permeability enhancement. 
 
7)     Figures 5 and 7  
 
It seems permeability of mortar has been subjected to a greater enhancement by the electric 
shock waves compared to coal. Can you please explain the reason for this, because anyone 
would expect a greater fracability in coal due to its naturally available cleat system, so there 
is a more opportunity to develop a distributed fracture network? 
 
Answer: Thanks for the question. As it is shown in Table 2 and Table 4, the initial 
permeability of mortar we used is much higher than that of coal, which indicates there should 
be more pre-existing flow channels or pores in the mortar cubes. It is worth mentioning that 
the mortar cured in this paper was a made relatively porous and fragile. The compressive 
strengths of coal and mortar in this paper are quite similar to each other. Therefore, after the 
shock stimulation, the mortar tends to present a better permeability enhancement. 
 
Reviewer #3: It is an interesting work to investigate the permeability enhancement of coals 
using a high-voltage electrohydraulic method. The comments given below should be 
carefully considered before accepted for publication. 
1. The language should be polished as some expressions are tough and cannot be understood. 
For example, page 4 lines 2-3; page 6, lines 51-56; page 10 lines 1-5; page 20 lines 41-47. 
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Answer: Thanks for the suggestions. Already double-checked the expressions again in the 
manuscript to avoid any tough sentences. 
2. In Fig. 5 and Fig. 7, how was the normalized permeability defined? The process of 
obtaining this parameter should be addressed in the text. 
Answer: Thanks for the suggestion. Already modified accordingly. Actually the normalized 
permeability was defined in Eq. (5): EHDc
I
kk
k
=
 , where kc represents the permeability increase 
ratio after EHD shocks (kEHD) and the initial permeability (kI). In Fig. 5 and Fig. 7 we 
compared the normalized permeability (normalized 1) and permeability increase (kc) before 
and after EHD to show the fracturing impacts.  
3. The authors only showed the pore size distribution of coal #1. What about coal #2, 3, and 
4? 
Answer: Thanks for the question. In our paper we used three Dawson coal cubes, i.e., Dawson coal 
#1 dull banded, #2 bright banded coal and #4 dull banded, as the examples for analysis. According to 
the article structure design, the change of pore size distribution before and after EHD is an indicator, 
showing the ability of electric shock wave for micro-fractures or pores generation. Therefore, here 
we only took one of the coal cubes like Dawson coal #1 (which had a reasonably high initial perm) as 
an example to illustrate and validate our assumption.      
4. Page 8, why is the experiment performed at 20 bar? Authors need to address the reasons.  
Answer: Thanks for the question. Added the info. in the manuscript. In theory, the confining 
stress could be performed at the range from 1 to 100 bar according to the sample depth. Here 
we set the confining pressure as 20 bar to measure the permeability, which was just for 
measurement convenience and to retain the sample below the in situ stresses. (Dawson is a 
highwall mine so the seams are quite shallow.) An additional sentence has been included to 
clarify this for the readers. 
 
5. Page 9, authors should present the pressure that the high-voltage electrohydraulic 
experiments were conducted at. Will the effects of high-voltage electrohydraulic fracturing be 
influenced by the operating pressure? 
Answer: Thanks for the question. Changed corresponding sentence as “The processing vessel 
was filled with de-ionized water and operated at essentially atmospheric conditions, 
neglecting the trivial water hydraulic head”. Of course, the real coal is under confinement in the 
field. Due to the limitations of the device, this paper mainly discussed about the impact of fracturing 
process on coals without confining pressure. The results showed the great potential of shockwave to 
create additional flow paths and permeability in coal and mortar. Based on this, our next step is to 
test electrohydraulic discharge for samples under confined and stressed conditions, mimicking the 
subsurface state of CBM target coal, in a modified Hassler-style core flood apparatus. The findings 
are discussed in a follow-up journal paper. 
 
Reviewer #4: In this manuscript of JNGSE-D-17-01932, the authors studied a permeability 
enhancement technology using high-voltage electrohydraulic discharge fracturing. The topic 
of this article is interesting and closely sticks to the research scope of JNGSE, and the 
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outcomes present an alternative way for coal and coal-like rocks' fracking, which is 
meaningful for coal seams stimulation. Here I have come up with some comments for authors 
to further consider and/or answer before publication. 
1. For the title of the manuscript, will the article title be more simplified without "chemical-
free fracturing"?  
Answer: Thanks for the suggestion. The reason why we used the title with chemical-free fracturing 
is to emphasize the advantage of electrohydraulic discharge stimulation, which is different from the 
traditional hydraulic fracturing and avoids importing outside chemical fluids during the stimulation 
process.  
 
2. Page 3, Line 22-23: There is only the description of mortar properties (convenient, 
homogenous and isotropic), how about the coal properties? Here it is better to present the 
coal properties as well, then the property difference between the mortar and coal could be 
compared.  
Answer: Thanks for the suggestion. Already added the description for coal (naturally 
fractured, heterogeneous) in the manuscript.  
 
3. Page 4, Line 49: Is this a complete sentence to describe the fracture types induced by 
hydraulic fracturing or there is any other information after the comma? I suppose it is authors' 
typo, because it seems the meaning of this sentence is complete, right? 
Answer: Thanks for the suggestion. Yes, it is a typo, already corrected. 
 
4. Page 5, Line 44: "The use of EHD to generate mechanical shockwaves for stimulating coal 
permeability" should be changed, because normally coal permeability is to be enhanced or 
improved, while the coal or coal seams being stimulated. 
Answer: Thanks for the reminder. Already revised as “The use of EHD to generate 
mechanical shockwaves for enhancing coal permeability”. 
 
5. Page 7: The characterization of coal sample here is a little repeated with the sentences in 
Introduction. It would be more reasonable and common to give sample details in sample 
preparation part instead of introduction. Thus, it is advised to delete the sample characters in 
the Introduction and move them to the section of Experiments and methodology.   
Answer: Thanks for the suggestion. The coal characterisation in two places are a bit different 
and target for two different purposes, one for general introduction, another for basic sample 
information. Already revised the sentence to avoid repetition accordingly.  
6. Page 7, Line 37:  There is no references for these two equations, suggest to add the 
references.  
Answer: Thanks for the reminder. Already added the relevant reference.  
7. Page 12, Line 50: "electrode gap distance is a critical parameter that effects rock breakage" 
should be changed to "electrode gap distance is a critical parameter that affects rock 
breakage". Here a verb should be applied instead of noun.  
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Answer: Thanks for the correction. Already done. 
8. Page 14: Has anyone else reported accurate permeability of mortar previously like your 
case? How do your results compared to any other results published? 
Answer: Yes, there are some other publications for the mortar permeability. However, there 
is a huge variation due to differences in recipes, the extent of de-bubbling and the 
purpose/application. For example there are even very high porosity, aerated concretes. Here 
in this paper, we are interested in the permeability changes before and after EHD and sought 
only repeatable, homogeneous material with suitable porosity as a base material. 
9. Page 14: Does orientation of the cube also matter here? Like, if you put a tinfoil coated 
face toward the discharge source would it breaks then? I mean whether the coating play some 
other role to hold side faces together? 
Answer: Thanks for the question. Here the tinfoil coated on the sample would not affect the 
fracturing process a lot. The main purpose of using tinfoil was to avoid the complete collapse 
of sample and help the sample collection.  
10. Page 23, Line 36: The sentence should be re-written as the comma was used incorrectly. 
For instance, could be changed to "The accessible porosity, obtained from Eq. (1) and Eq. 
(2), is shown in Table 5 to increase from 8.12% to 14.71 %". 
Answer: Thanks for the suggestion. Already revised in the manuscript accordingly. 
11. Page 24, Line 18: The usage of "stimulate permeability" should be double checked to 
make sure it is a correct academic expression.  
Answer: Already checked the academic expression. It is correct to use “stimulate 
permeability in mortar”, which has the same meaning as “enhance the permeability in 
mortar” 
12. Additionally, there are some minor points need to be addressed as well: 
a) Page numbers should be added in the main text, otherwise it will cause inconvenience for 
the reviewer to review the manuscript. 
b) The reference format of the manuscript here is incorrect, need to be revised. 
Answer: Thanks for the suggestions. Already added the page number and formatted the 
references in the manuscript. 
 
Reviewer #5: At the current version of the paper, there are some lack of information 
regarding with the experiments, also the way that the information put together requires 
further polishing. I strongly recommend authors to better consolidate the information that is 
presented in this manuscript. I also recommend authors to improve the figures and make them 
digitized and readable as much as possible. 
 
revise the citation and reference according to JNGSE format. 
Answer: Thanks for the suggestions. Already revised the citation and reference according to 
the journal format. Generally speaking, this paper reports the permeability enhancement and 
structure evolvement of homogenous mortar and natural coal caused by high-voltage 
electrohydraulic discharge (EHD). The experimental process was subdivided into three 
scenarios. Firstly, the effect of discharge conditions, i.e., discharge voltage, electrode gap and 
shock number, on mortar cubes is explored.  Then, the influence degree of parameter settings 
on homogenous mortars is characterized quantitatively. Based on the experimental results 
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obtained from the former two scenarios, finally the natural coal samples are applied to 
witness the structure evolutions from micro- to macroscales in the coal, as well as the 
permeability increase. This helps to verify the capability of EHD for coal fracturing. 
Meanwhile, the tendency of fracture extension for coal has been revealed as well. Therefore, 
the experiments are presented in a step-by- step process, from parameter settings of device to 
homogeneous mortar cracking validation, then to real natural coal fracking. Additionally, we 
have tried to double-check the manuscript again to make sure its integrity and logic   
 
 
